High temperature piping systems and associated components, elbows and bellows in particular, are vulnerable to damage from creep. The creep behavior of the system is simulated using finite element analysis (FEA).
INTRODUCTION
Piping systems operated at high temperatures experience large thermal expansions. High stresses develop in the piping, especially in elbows, when thermal expansion is restrained. To avoid these high stresses, bellows are often installed strategically to create mechanisms (linkages) which allow the piping to expand thermally without restriction in certain directions. Alternatively, the piping may be routed in circuitous configurations to add sufficient flexibility to achieve the same effect. These mechanisms (or circuitous configurations) often cannot support gravity loads, therefore, a combination of spring cans, hangers and constant-load supports are installed to support gravity loads. Figures 1 and 2 show examples of a high temperature piping system and supports.
Finally, a piping system is configured to resist pressure thrusts arising from bends without causing high stresses.
These piping systems operate at high temperatures and therefore, the material will creep over time. Properly designed and maintained piping systems will have stresses low enough to ensure decades of creep life including appropriate margin of safety. However, piping systems and their behavior are quite complex and unexpected circumstances often lead to increases in stresses or temperature, which in turn accelerate creep and shorten the life of the systems. Small increases in stresses on the order of 1 ksi or temperature on the order of 25°F often result in significant acceleration of creep.
FIG. 1 EXAMPLE OF A HIGH TEMPERATURE PIPING SYSTEM
Principles of fitness-for-service and remaining life assessments are applied to high temperature piping systems to provide information to support remediation decisions. Finite element analyses (FEM) incorporating 1D elements specifically enhanced for pipe elbows and the MPC Omega law for modeling creep behavior are central to these assessments. The remainder of this paper discusses these topics in further detail. Examples of assessments are presented to illustrate common challenges and issues.
FIG. 2 SPRING CAN AND CONSTANT LOAD HANGER [5] FITNESS-FOR-SERVICE AND REMAINING LIFE ASSESSMENTS
High temperature piping systems are assessed using principles of fitness-for-service (FFS) and remaining life assessments.
An FFS assessment is a tool to support remediation decisions. The objective of an FFS assessment is to demonstrate that the equipment with flaws (accumulated creep damage for high temperature piping systems) is fit-for-service as-is or identify and plan remedial actions:
• Fit-for-service until but not beyond the next shut down • Monitor or implement an inspection program • Rerate: fit-for-service at a lower pressure, temperature, etc.
• Repair or replace The equipment operator should compare costs, risks and disruptions associated with the various options. For example, a steam leak in high energy piping at a thermal power plant may be fatally hazardous and shutdowns long enough for extensive pipe repair are infrequent. Therefore, the cost of expensive monitoring and inspections may be justified. In other instances, premature replacements may be less costly than inspections or even FFS or remaining life assessments.
The remaining life of equipment can be assessed by repeating the FFS assessment for a sequence of predicted future conditions. A remaining life assessment can help plan for smoother repairs during shutdowns by optimizing inventory. The objective here is to avoid i) over-stocking of expensive repair parts, ii) premature replacements or iii) extending shutdowns to accommodate unexpected repairs requiring parts having long lead-times.
Furthermore, profits can be optimized by repeating the remaining life assessment for various combinations of operating conditions. This exercise is known as an Integrity Operating Window (IOW) assessment and is an emerging methodology that is generating much attention. For example, a reformer operator quantified increases in production vs. increases in operating temperature with the aid of process simulations. Similarly, the operator quantified the decreases in creep life of catalyst tubes vs. increases in operating temperature with the aid of remaining life assessments.
This IOW assessment demonstrated that the increased production achieved from increased temperatures offset the cost of more frequent tube replacements. The IOW process challenges the status quo of setting an arbitrary target equipment life (such as 30 years).
The above discussion on FFS and remaining life assessments apply to a broad range of damage mechanism (eg. crack-like flaws, thinning, pitting, high and low cycle fatigue, creep crack growth, etc.) in various equipment. FFS and remaining life issues pertinent to high temperature piping and creep are addressed in the Example Assessments section.
CREEP MATERIAL BEHAVIOR
Metals subjected to high temperatures and stresses creep over time. Many methods exist for characterizing creep behavior. The simplest of the widely used methods incorporates the Larson-Miller parameter (LMP) which allows calculation of creep life.
However, strains and strain-rates cannot be calculated using this method, which is a disadvantage.
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The Bailey-Norton law is a simple and popular method which allows the calculation of strains and strain-rates. However this method does not incorporate acceleration of creep which is observed toward the end of the creep life and therefore may lead to unconservatively short creep life estimates.
FIG. 3 CREEP BEHAVIOR
The work described in this paper utilizes the MPC Omega method which allows calculation of the creep life, strains and strain rates and incorporates the acceleration of creep toward the end of life as shown in Figure 3 . The MPC Omega Project on elevated temperature behavior began in 1987 and was sponsored by 34 companies in a variety of industries. This work has resulted in a simple but effective constitutive law that accurately represents the creep behavior of a wide range of alloys. A database of material constants for the Omega expressions has been developed over the years, and a portion of this database has been published in reference [1] .
An overview of this methodology for the uniaxial case is described here. The remaining creep life at a constant stress, σ, and constant temperature, T, is
̇ = strain rate at the beginning of the time period being evaluated. = Omega damage parameter that characterizes embrittlement.
The creep strain rate is
The foregoing equations can be adapted for time varying stress and temperature and multiaxial stress states. The remainder of the equations is omitted for brevity but can be found in API 579.
The MPC method also incorporates a means to account for the large variability of properties observed even within samples of a single alloy. Assessments are often performed using mean and lower bound creep properties. In instances where the cost is warranted, samples can be removed from the piping for both metallurgical examination and accelerated laboratory creep testing for measuring creep properties and ascertaining current condition.
OVALING OF PIPING ELBOWS
Stress computations of pipes often require analysis methodologies beyond that of simple beams. Pipe elbows with thin walls or small bend radii (relative to pipe diameter) subjected to bending experience ovaling or pinching of the pipe cross section as shown in Figure 4 . Ovaling may cause circumferential or hoop stresses that are significantly larger than circumferential pressure stresses. These stresses cause out-ofplane bending of the pipe wall, with stresses peaking on the ID and OD surfaces. These high stresses accelerate creep damage accumulation.
Interestingly, the permanent ovaling deformations caused by creep will redistribute stresses such that stresses relax (decrease in magnitude) over time. Furthermore, ovaling may significantly increase the bending flexibility of elbows.
Stresses due to ovaling can be accurately calculated using finite element models (FEM) composed of shell or brick models. However, the large number of required elements and effort in constructing such a model renders this approach cumbersome. FEM composed of elbow elements are more convenient. Elbow elements are beam elements specifically formulated for pipes of circular cross section and enhanced with the ability to model uniform radial expansion, ovaling and higher order distortions of the using "Fourier modes." Elbow elements allow FEM with fewer elements (than brick or shell models), rapid model construction while providing excellent accuracy. Assessing the stiffening effect of welded attachments may require a separate FEA composed of brick elements (which is not discussed in this paper).
FIG. 4 OVALIING OF A PIPE CROSS SECTION BELLOWS
Bellows are incorporated into the piping system to alleviate stresses that would otherwise arise from constrained thermal expansion. As shown in Figure 5 , bellows resemble corrugated piping. The corrugations allow significant rotational, axial and lateral flexibility while resisting internal pressure. However, bellows alone cannot resist pressure thrusts arising from pipe bends or other sources. Thrusts can be transmitted across bellows using pins, gimbals or tie rods. 
FIG. 5 BELLOWS [3] AND HINGED BELLOWS [4]
Commonly, a straight segment of pipe has two bellows installed in conjunction with tie rods or hinges, resulting in a linkage which is free to rotate at the bellows but can transmit pressure thrusts. The linkage allows unrestrained thermal expansion as shown in Figure 6 . Linkage A allows unrestrained expansion of segment B. Bellows are often constructed of stainless steel or nickel-based alloys (such Inconel 600 series or Incoloy 800 series) because these alloys have excellent creep resistance and ductility which are crucial to durability because bellows are repeatedly flexed. However, bellows are delicate components and will break prematurely when subjected to temperatures and motions exceeding the design range. Also, if bellows are cooled improperly, process gas may condense and collect in the bellows corrugations, thereby posing a potential risk for environmental corrosion. Dents from tool drops and poor weld repairs also damage bellows.
FIG. 6 RELIEVING STRESSES DUE TO THERMAL EXPANSION
The structural response of bellows is quite complex because portions of the bellows are designed to experience cyclic yielding. As a result, the life of a bellows has a finite number of cycles. A comprehensive estimation of the life of a bellows requires sophisticated analysis: nonlinear FEM composed of bricks or shell elements (axisymmetric FEM for axial response, and large 3D FEM for bending or lateral response) and consideration for low cycle fatigue.
Such analyses are inappropriate in a design setting. [2] is an excellent resource for bellows and provides equations for estimating stress, stiffness, allowable range of motion, life, etc.
Standards of the Expansion Joint Manufacturers Association
EXAMPLE ASSESSMENTS
Piping systems at a plant (to remain anonymous) were assessed according to the methodologies described above. The piping systems have been operating safely beyond the original design lifespans. The plant operators desired to identify potential risks and be well prepared for any future repairs to ensure continued, safe operation for the foreseeable future. Figure 1 shows one of the assessed lines. Key findings were:  Peak stresses of 5 ksi were predicted at the elbow using an FEM incorporating analysis techniques introduced in the previous sections. Ovaling contributed significantly to the peak stress. Figure 7 shows the time history of creep damage for 3 cases: i) assuming mean creep properties, ii) assuming lower bound creep properties, and iii) assuming lower bound creep properties and a hanger load reduced to 83% of the design value (this represents problematic hanger settings) At the present time, the elbow was predicted based on case iii to have accumulated ~60% damage (100% indicates creep rupture). This elbow was recently replaced and examination corroborated the predicted level of accumulated damage. The remaining life of the recently replaced elbow was very conservatively estimated (based on case iii at 22 years, which corresponds to 80% creep damage. API 579 recommends 80% damage as the limit state. Figure 7 illustrates the sensitivity of the assessment to various conditions, especially the creep properties, which can vary greatly even within single heats of material. In conclusion, this elbow was deemed fit-for-continued-service for the foreseeable future. Note that for case i, the life exceeds 2 million hours (228 years) indicating that the material is operating below or at the lower part of the creep range (if the material indeed possesses mean creep properties).  Rotation of most of the bellows greatly exceeded design values and should be replaced with larger allowable rotational range.  Design and observed settings and locations of hanger supports were adequate.  Inspection options were deemed to be not cost-effective because replacement costs were low compared to the relevant inspections and frequent shutdowns allowed ample opportunities for repair without disrupting production. Inspection options considered were as follows: i) 
FIG. 7 TIME HISTORY OF CREEP CONCLUSIONS
High temperature piping systems and associated components, elbows and bellows in particular, are vulnerable to damage from creep.
Piping systems operated at high temperatures experience large thermal expansions. High stresses develop in the piping, especially in elbows, when thermal expansion is restrained. To avoid these high stresses, bellows are often installed strategically to create mechanisms (linkages) which allow the piping to expand thermally without restriction in certain directions. A combination of spring cans, hangers and constant-load supports are installed to support gravity loads.
Principles of fitness-for-service and remaining life assessments are applied to high temperature piping systems to provide information to support remediation decisions. Finite element analyses (FEM) incorporating 1D elements specifically enhanced for pipe elbows and the MPC Omega law for modeling creep behavior are central to these assessments. The paper discussed the components and analysis methodologies in these topics in further detail. Examples of assessments were presented to illustrate common challenges and issues. 
